Abstract. The gamma-ray burst GRB 060218 is an important event because of its very low redshift z = 0.0331, its low isotropic-equivalent radiated energy E iso ∼ 7 × 10 49 erg and its clear association with a supernova (SN) event (SN 2006aj). Under these respects, GRB 060218 is the event most similar to GRB 980425, the proto-type event of the GRB-SN connection. However, while the peak energy E p,i and E iso values of GRB 980425 are inconsistent with the E p,i -E iso (Amati) correlation holding for long GRBs/XRFs, GRB 060218 is fully consistent with it. One of the popular explanations of the inconsistency of GRB 980425 with the E p,i -E iso correlation is that it was a 'normal' GRBs seen off-axis. Our result implies that this is not the case for GRB 060218. This is also confirmed by the 'chromatic' behavior of the afterglow light curves measured by Swift. In this Letter we discuss some implications of our finding on the present understanding of the GRB/SN connection.
Introduction
The correlation between the peak energy E p,i of the prompt emission spectrum of gamma-ray bursts (GRBs) and their isotropic-equivalent radiated energy E iso (Amati et al. 2002) can be used to investigate the existence of different sub-classes of GRBs (e.g. Amati 2006 ). GRB 980425 (Galama et al. 1998 , Pian et al. 2000 was not only the first example of the GRB-SN connection, but also a very peculiar event. Its total radiated energy, under the assumption of isotropic emission was only ∼10 48 erg, well below the typical range for "standard" bursts (∼ 10 51 -10 54 erg). Moreover, this event was characterized by values of E p,i and E iso inconsistent with the E p,i ∝ E 0.5 iso correlation holding for long "cosmological" GRBs (Amati et al. 2002) . GRB 031203/SN 2003lw (Malesani et al. 2004) was also characterized by a value of E p,i which, combined with its low value of E iso , makes it the second (possible) outlier of the E p,i -E iso correlation (the E p,i value of this event is still debated). Both cases may point towards the existence of a class of nearby and intrinsically faint GRBs with different properties with respect to "standard" GRBs. In this Letter we focus on the recently Send offprint requests to: L. Amati: e-mail: amati@iasfbo.inaf.it discovered association between GRB 060218 and SN 2006aj at z = 0.0331 (Campana et al. 2006 , Soderberg et al. 2006a , Modjaz et al. 2006 , Sollerman et al. 2006 , Mirabal et al. 2006 , Cobb et al. 2006 ). This GRB event was both "local" and "sub-energetic" like GRB 980425 and GRB 031203, but unlike them it matches the E p,i vs. E iso relationship. We discuss some implications of this fact, combined with information provided by multi-wavelength afterglow observations, for the GRB/SN connection.
GRB 060218 and the E p,i -E iso correlation
GRB 060218 was detected by Swift/BAT on 2006 February 18, at 03:34:30 UT and fast pointed and localized by Swift/XRT and UVOT (Cusumano et al. 2006a ). The prompt event was anomalously long (T 90 = 2100±100 s) and very soft (average 15-150 keV photon index of ∼2.5), with a 15-150 keV fluence of (6.8 ± 0.4) × 10 −6 erg cm −2 (Sakamoto et al. 2006 ). The spectrum of the host galaxy showed narrow emission lines at a redshift z = 0.033 (Mirabal et al. 2006) , whereas the optical counterpart showed a blue continuum and broad spectral features characteristic of a supernova (Pian et Amati (2006) , except for GRB 060218 (Campana et al. 2006) ; those of θ jet and E jet are taken from Nava et al. 2006 and Friedman & Bloom 2005 , except for GRB 060218 (Soderberg et al. 2006b , Fan et al. 2006 . References for SN properties are given in the last column.
SN peak mag Ref. Sollerman et al. , Mirabal et al. 2006 . Similarly to GRB 980425 and GRB 031203, GRB 060218 exhibited a lowenergy afterglow (∼ 100 times lower than standard GRBs), as inferred form radio observations (Soderberg et al. 2006b ). Based on Swift/BAT and XRT preliminary results (Sakamoto et al. 2006 , Cusumano et al. 2006 , Amati et al. (2006b) argued that the GRB 060218 properties were consistent with the E p,i -E iso correlation. This was fully confirmed adopting the refined values obtained by joint fits to the Swift/XRT and BAT data (Campana et al. 2006) . Figure 1 shows the position of GRB 060218 in the E p,i vs E iso plane, together with a sample of cosmological events (small triangles), the other three nearby events associated with a SN (GRB 980425, GRB 031203 and GRB 030329) and XRF 020903 (Soderberg et al. 2004) , GRB 021211 (Della Valle 2003) and GRB 050525A (Della Valle 2006a) i.e. those GRBs with spectroscopic evidence of SN features in the late-time afterglow. Figure 1 clearly shows that GRB 980425 is inconsistent with the E p,i -E iso correlation, as it could also be for GRB 031203. However, for this event, there is indirect evidence from the analysis of a dust-scattered X-ray echo (Vaughan et al. 2004 , Watson et al. 2006 ) that this event might have been much softer than inferred from INTEGRAL/ISGRI data (Sazonov et al. 2004) . A different behaviour is exhibited by GRB 060218, which is fully consistent with the E p,i -E iso correlation. When adding this event to the sample of Amati 2006, the Spearman rank correlation coefficient between E p,i and E iso turns out to be 0.894 (for 42 events), corresponding to a chance probability as low as 1.6 × 10 −15 . Figure 1 also shows that another very soft and weak event, XRF 020903, matches the E p,i -E iso correlation (Sakamoto et al. 2004 ). Thus, XRF 020903 and GRB 060218 may simply represent the extension to low energy (E iso < 10 51 erg) of the "cosmological" GRBs sequence.
Afterglow properties and viewing angle
The early-time (t < ∼ 0.5 d) light curves GRB 060218 exhibited a slow rise, as observed in the optical/UV, X-ray and soft gamma-ray bands (Campana et al. 2006 ). However, the peak time was dependent upon the frequency, being earlier for shorter wavelengths, contrary to the expectations for an off-axis jet (e.g. Granot et al. 2002) . This "chromatic" behaviour allows to exclude that GRB 060218 was seen off-axis (Campana et al. 2006) . Another piece of evidence comes from radio data: the radio afterglow light curves can be fitted with standard GRB afterglow models (i.e. without the need to involve viewing angle effects), as shown by and Fan, Piran & Xu (2006) . Based on the lack of a break in the radio light curve, a lower limit of 1-1.4 rad can be set to θ jet . This value is much higher than those of classical, cosmological GRBs (e.g. Nava et al. 2006) , further supporting the idea that closeby, sub-energetic GRBs have a much less collimated emission (e.g., Soderberg et al. 2004 find that a spherical emission model can also fit the radio data of GRB 031203). This also implies that the collimation-corrected energy released during prompt emission E jet is not much lower than E iso , lying in the range (0.2-2) × 10 50 erg. Finally, as is shown in Figure 2 , we find that GRB 060218 and the other sub-energetic events GRB 980425 and GRB 031203 follow and extend the correlation between E iso and the X-ray afterglow 2-10 keV luminosity at 10 hr from the event reported by De Pasquale et al. (2005) and Nousek et al. (2006) . Figure 2 clearly shows that these 3 events are sub-energetic also from the point of view of their X-ray afterglow emission. While the correlation based on "normal" events was found to be only marginally significant (De Pasquale et al. 2006 , Nousek et al. 2006 ), here we show that after including sub-energetic GRBs, it becomes highly significant (chance probability ∼ 10 −11 ). This result further indicates that sub-energetic GRBs may be intrinsically weak and belong to an extension of the normal cosmological events. Also, qualitatively, in the off-axis viewing scenarios, one would expect that, due to the rapidly decreasing Lorentz factor of the fireball and thus to the rapidly increasing beaming angle and Doppler factor, the prompt emission should be much more dumped with respect to afterglow emission at ∼ 10 hours. This would imply that the points corresponding to the three sub-energetic events should lie above the extrapolation of the law best fitting on-axis GRBs, which is not the case. E iso for the events included in the sample of Nousek et al. (2006; triangles) plus the 3 sub-energetic GRB 980425, GRB 031203 and GRB 060218 and the other GRB/SN event GRB 030329 (circles). The X-ray luminosities for GRB 980425, GRB 031203 and GRB 060218 were derived from the X-ray afterglow light curves reported by Kouveliotou et al. (2004) , Watson et al. (2004) and Campana et al. (2006) , respectively. The plotted lines are the best fit power-laws obtained without (dotted) and with (dashed) sub-energetic GRBs and GRB 030329.
Discussion
The evidence presented in Fig. 1 and discussed in Section 2, coupled with the afterglow properties discussed in Section 3, suggests that GRB 060218 was not an off-axis event and thus it is truly sub-energetic. An obvious consequence of this scenario is that the under-luminous GRBs may be the most frequent gamma-ray events in the Universe. Since the volume that they sample is 10 4 ÷ 10 6 times smaller than that probed by classical, distant GRBs, the rate of these events could be dramatically larger. Preliminary estimates of the rate of "faint" GRBs (admittedly still plagued by small numbers) does not exclude values as high as ∼ 20 − 2000 GRBs Gpc −3 yr −1 (e.g. Guetta et al. 2004 , Della Valle 2006b , Soderberg et al. 2006b , Liang et al. 2006 , Cobb et al. 2006 .
The "optical" properties (i.e. luminosity at peak and expansion velocities) of the SNe listed in Table 1 vary by a factor ∼ 5 − 10 at most, while the gamma-ray budget covers about 4 orders of magnitude. This fact suggests that the difference between sub-energetic and cosmological GRBs should not depend on the properties of SN explosions, which are similar, but it is likely related to the efficiency with which SNe are able to convert a significant fraction of their kinetic energy into relativistic jets. This fact may be not surprising given that the ob-served relativistic energies at play in the GRB phenomenon, at least in the local Universe (z < 0.1), appear to be just small fluctuations (10 −2 -10 −4 ) of the kinetic energy involved in the 'standard' type-Ib/c SN (∼ 10 51 erg) or HN explosions (∼ 10 52 erg). Remarkably, after correcting E iso for the jet opening angle inferred from the break time in the optical afterglow ligh curve, it is found that the GRB/SN events GRB 030329, GRB 021211 and GRB 050525A are characterized by radiated energies, E jet , in the range (∼ 0.5-1) × 10 50 erg (see Table 1 ), showing that also for cosmological GRB/SN events the energy radiated in gamma-rays is only a small fraction of the SN kinetic energy (on average ∼ 10 51 erg). Possible explanations other than the off-axis viewing angle have been proposed to explain the deviations of GRB 980425 and (possibly) GRB 031203 from the E p,i -E iso correlation. For example, Ghisellini et al. (2006) have proposed the presence of scattering material of large optical depth along the line of sight (which would have the effect of decreasing the apparent E iso and increasing the apparent E p,i ). As an alternative, they suggest that, due to the limited energy band of the instruments which detected them, the softest component of the prompt emission of these two events was missed, leading to an overestimate of E p,i . The latter explanation is also supported by the fact that, without the XRT (0.2-10 keV) measurement, the peak energy of GRB 060218 would have been overestimated and this burst would have been classified as another outlier to the E p,i -E iso correlation. We remind that for GRB 031203 there is possible evidence from the X-ray dust echo measured by XMM (Vaughan et al. 2004 , Watson et al. 2006 ) of a soft prompt emission component missed by INTEGRAL/ISGRI, both operating at energies above ∼ 10-15 keV. This explanation would imply that GRB 980425 and GRB 031203 are truly sub-energetic events, like GRB 060218, thus giving further support to the existence of a population of under-luminous GRBs at least in the local Universe. Nevertheless, the possibility that some GRBs deviate from the E p,i -E iso correlation because they are seen off-axis cannot be ruled out.
Conclusions
From our analysis the following facts emerge.
a) The consistency of GRB 060218 with the E p,i -E iso correlation favours the hypothesis that this is a truly sub-energetic event rather than a GRB seen off axis. The ratio between E iso and L X,10 and the radio afterglow properties of this event further support this conclusion. If this is the case, its total radiated energy was ∼ 100 times less than the kinetic energy of its associated SN (SN 2006aj) . b) Recent studies (Ghiesellini et al. 2006 ) and observational evidences presented in this paper (Fig. 2) suggest that also GRB 980425 and GRB 031203 may be intrinsically very faint (and consistent with the E p,i -E iso correlation), further supporting the existence, at least in the local (z < 0.1) Universe, of a class of sub-energetic events.
c) The above results indicate that the energy radiated in gamma-rays varies over at least 4 oders of magnitudes and is usually a small fraction (a few per cent at most) of the SN energy budget. Moreover, the existence of truly sub-energetic events implies that the GRB rate, at least in the local Universe (z < 0.1), may be as high as ∼ 20 − 2000 GRBs Gpc −3 yr −1 .
